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Introduction
Chagas disease (CD), is caused by the protozoan Trypanosoma cruzi [1] . It affects individuals from more than 21 countries, being a major public health concern in Latin Americas and a potentially serious emerging threat to a number of non-endemic countries [2] . In Latin American countries, there are currently 8-10 million people having CD, with an additional 300,000 individuals in the United States and 45,000-67,000 in Europe [3] [4] [5] [6] .
Infection with T. cruzi has two phases: acute and chronic, separated by an indeterminate period, in which the patient is relatively asymptomatic [7, 8] . Chronically infected patients ultimately develop cardiomyopathy, which is the most important and severe manifestation of CD, and is characterized by left ventricular systolic dysfunction, wall motion abnormalities, brady and tachyarrhythmia, heart failure and sudden cardiac death [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . CD alterations are classified in four stages A, B, C, and D. Stage A corresponds to asymptomatic patients with normal ECG, whereas presence of electrocardiographic abnormalities implies progression towards stage B and deterioration of systolic function is observed in stages C/D, associated with heart failure symptoms. Of note, sudden cardiac death may occur at any moment, including early phases [10, 16] .
The association between CD and cardiac abnormalities (stages B or more) is widely reported, however, the information is challenged by the diverse design, sample size and quality of the studies [19] [20] [21] [22] [23] [24] . This information is largely based on outdated individual studies, and reports vary substantially among the population based studies making the scientific interpretation challenging [8, 20, [25] [26] [27] [28] . Furthermore, it is known that the prevalence of different types of ECG abnormalities such as intraventricular conduction abnormalities, atrioventricular block, and arrhythmias, is higher in subjects with CD as compared to non-CD subjects, calling for its update and synthesis, which would be very useful and relevant for physicians in nonendemic countries where health care implications of CD are real and neglected [29] . Given the spread of CD, a need exists for an adequate, comprehensive assessment of CD in association with ECG abnormalities [6, 29, 30] .
We conducted a systematic review and meta-analysis to (i) determine the overall prevalence of ECG abnormalities in seropositive and seronegative CD individuals in the general population; (ii) quantify the prevalence of subtypes of ECG abnormalities in this population; and (iii) characterize these estimates by age, sex and region of origin, and (iv) evaluate the discriminatory capacity of ECG abnormalities, both general and specific to classify patients as either CD or non-CD.
Methods

Data sources and search strategy
This review was conducted in accordance with MOOSE guideline [31] and, we followed the protocol strictly without deviation from it. An extensive literature search of articles published up to March 2017 was conducted with the assistance of a medical librarian in six electronic databases (EMBASE, Ovid Medline, Web of Science, Cochrane Central, Google Scholar and Lilacs) without any language restriction. Search combined terms related to CD (Chagas Disease, Trypanosoma cruzi), with terms related to seroepidemiology (Seroepidemiologic Studies, Seroprevalence, Seroepidemiology) (S1 Appendix). Reference lists of selected studies and reviews identified on the topic were searched to identify additional publications.
Study selection and eligibility criteria
Studies were eligible if they: (i) selected cases and controls from the general population (surveys and blood donors); (ii) were cross-sectional, case-control and cohort studies; (iii) reported CD status based on any techniques for the detection of antibodies; and (iv) reported the prevalence of ECG abnormalities in CD participants and non-CD participants, based on electrocardiographic diagnosis. To avoid overestimation of the effect estimates, we did not include studies using cases and controls from a clinical setting. Two independent reviewers screened the titles and abstracts of all initially identified studies according to the selection criteria. Full texts were retrieved from studies that fulfilled all selection criteria. Any disagreements were resolved through consensus or consultation with a third independent reviewer.
Data extraction
The data collection form included questions on qualitative aspects of the studies (such as author, date of publication, country, design, period, setting, area and sample size), participant characteristics (such as age, sex and serological test of CD) and information on the reported exposure/outcome (such as measure definition of ECG abnormalities, number of patients seropositive/seronegative CD, number of patients with general and specific ECG abnormalities and confounders adjustment). For cohort studies, only the information from the baseline assessment was extracted.
Assessing the risk of bias
Study quality was assessed by two independent reviewers based on the nine-star NewcastleOttawa Scale (NOS) using three predefined domains, namely: selection of participants (population representativeness), comparability (adjustment for confounders) and ascertainment of outcomes of interests [32] . The NOS assigns a maximum of four or five points for selection, one or two points for comparability and three points for outcome, depending on study design (cross-sectional or cohort). We used the NOS scale adapted for cross-sectional studies and the NOS for case-control studies while for cohort studies we used the NOS for a cross-sectional design (S2 Appendix). Studies that received a score of nine to seven stars were judged to be at low risk of bias; studies that scored five or six stars were considered at medium risk, and those that scored four or less were considered at high risk of bias.
Statistical analysis
Narrative synthesis and construction of descriptive summary tables were performed for the studies included. For this meta-analysis, we used odds ratios (ORs) and 95% confidence intervals (CIs), to assess the association between presence of CD, and overall and specific ECG abnormalities. Also, we calculated the pooled prevalence (P) of ECG abnormalities for CD and non-CD participants. The inverse variance weighted method was used to combine summary measures using random-effects models to minimize the effect of between-study heterogeneity [33] . Heterogeneity was assessed using the Cochrane χ 2 statistic and the I 2 statistic and was categorized as low (I 2 25%), moderate (I 2 >25% and <75%), or high (I 2 !75%) [34] . Sensitivity analyses were performed to assess the influence of study-level characteristics including publication year, geographical location (according to the number of study in each country and by the prevalence of Trypanosoma cruzi genotype), design, area, number and age of participants, sex, definition of ECG abnormalities, test for CD diagnoses, level of adjustment and risk of bias, which were pre-specified as characteristics for assessment of heterogeneity and were evaluated using stratified analysis and random-effects meta-regression [35] . Publication bias was evaluated through funnel plots and Egger's regression symmetry tests [36] . All tests were 2-tailed; p-value 0.05 was considered statistically significant. Stata release 15 (StataCorp) was used for all analyses. Additionally, we evaluated the discriminatory capacity of ECG abnormalities, both general and specific: sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) to classify patients as either CD or non-CD.
Results
Study identification and selection
The database searches identified 5,396 citations. After screening the titles and abstracts, 252 articles were selected for detailed evaluation of full texts. Of these, 49 articles met our inclusion criteria and were included in the review (Fig 1, S3 Appendix and S1-S3 Tables).
General characteristics of included studies
General characteristics of included studies are shows in S1-S3 Tables summarize the key 
Overall and specific ECG abnormalities
In the meta-analysis of 34,023 participants and 12,276 CD participants, overall ECG abnormalities were significantly more prevalent in participants with CD (Prevalence (P)=40.1%; 95% CIs=39.2-41.0) compared to those without CD (P=24.1%; 95%CIs=23.5-24.7) (OR=2.78; 95% CIs=2.37-3.26) (Fig 2 and Table 1 ).
Up to 30 studies (range 3 to 30), based on 3,451 ± 1,350 participants, examined prevalence of ventricular conduction defects in CD and non-CD participants ( Table 2 ). In the pooled analysis, prevalence of complete right bundle branch block (RBBB) (OR=4.60; 95%CIs=2.97-7.11), left anterior fascicular block (LAFB) (OR=1.60; 95%CIs=1.21-2.13) and, the combination of complete RBBB and LAFB (OR=3.34, 95%CIs=1.76-6.35) was higher in CD participants compared to non-CD participants (Fig 3) , while no difference in prevalence of incomplete RBBB (OR=0.85; 95%CIs=0.63-1.16), incomplete left bundle branch block (LBBB) (OR=0.63; 95%CIs=0.39-1.01), complete LBBB (OR=0.99; 95%CIs=0.62-1.58) and left posterior fascicular block (LPFB) (OR=0.96, 95%CIs=0.35-2.62) was found between CD and non-CD individuals (Table 2 and S1-S7 Figs). Prevalence of AV-B in CD and non-CD participants was examined by 21 studies (range 5 to 21), including 4,438 ± 1,847 participants. Pooled prevalence first degree AV-B (OR=1.71; 95%CIs=1.25-2.33) was higher in CD participants compared to non-CD (Fig 3) , while no difference in prevalence of second-degree AV-B (OR=1.15; 95%CIs=0.33-4.06) and third-degree AV-B (OR=2.10; 95% CIs=0.60-7.34) was found between CD and non-CD participants (Table 2 and S8-S10 Figs). Twenty-five studies (range 11 to 25 studies), based on 4,848 ± 1,591 participants, compared prevalence of arrhythmias between CD and non-CD participants. Pooled prevalence of AF or flutter (OR=2.11, 95%CIs=1.40-3.19) and ventricular extrasystoles (VE) (OR=1.62; 95%CIs=1.14-2.30) was higher in CD participants (Table 2 
Study quality and assessment of bias
Regarding of study quality and assessment bias, among the 49 included studies, 10 studies were judged to be at low risk of bias, 28 were at medium risk, and 11 studies were evaluated to be at high risk of bias (Table 1, 
Sensitivity analysis
In the sensitivity analysis, of 16 meta-analyses, while five showed no heterogeneity (I location, area, number of participants, number of tests used for diagnoses of CD, level of adjustment and risk of bias (S4-S6 Tables). Considering a P value of 0.10, rather than the conventional level of 0.05, is sometimes used to determine statistical significance for heterogeneity, we investigated further the sources of heterogeneity across our meta-analyses using a p-value lower than 0.10 as statistical significant. When setting the p-value threshold to 0.10, the findings of meta-regression were similar as when setting the p-value threshold of 0.05, except for the characteristics "location of the study" which on p-value of 0.10, showed to contribute to heterogeneity of the meta-analysis for overall ECG abnormalities. 
Publication bias
Under visual examination, funnel plots for studies assessing the general and specific prevalence of ECG abnormalities were symmetrical, providing evidence for no publication bias. Table) .
Discussion
We systematically reviewed the current evidence for the prevalence of overall and specific ECG abnormalities in CD individuals in the general population. Overall, we found that subjects with CD, compared to non-CD participants, have almost a threefold higher prevalence of ECG alterations. Namely, a higher prevalence of complete RBBB, LAFB, first degree AV-B, VE, combined AF and flutter and, the combination of RBBB and LAFB, whereas no difference in other ECG abnormalities were observed between CD and non-CD participants. Also, prevalence of ECG alterations in children was similar to that in adults and suggests earlier onset of cardiac disease. The current study complements and extends findings from a previous systematic review [37] that reported higher prevalence of RBBB and LAFB but no difference in AF in CD participants compared to non-CD participants. However, our review included 34,023 vs. 17,238 participants more with an additional 19 papers (49 vs. 30 studies), overlapping only on 10 studies (20.4%) with the previous review. Further, contrary to the current effort the previous work included clinical and community cases, with controls being mainly from the general population, whereas our study included only population-based studies comparing ECG alterations compatible with CD in seropositive and seronegative subjects recruited from the non-clinical setting. Studies using cases from a clinical setting and controls from the general population, including the mentioned systematic review, tend to overestimate the prevalence of ECG alterations. Furthermore, Cardoso et al. [37] found no data available to calculate prevalence of 1st and 2nd degree AV-B in CD and non-CD individuals, whereas our study quantified the prevalence of these ECG alterations, documenting a higher prevalence of first degree AV-B block. Our findings further extend previous reports by providing the prevalence of overall and specific ECG alterations, reporting a higher prevalence of combined AF/flutter and VE among CD compared to non-CD participants. In contrast, no differences in incomplete and complete LBBB, LPFB, second and third degree AV-B, supraventricular extrasystoles and low voltage QRS were observed.
Finally, even though childhood heart involvement is an uncommon event and cardiac alterations are considered to take decades to ensue in adults with T. cruzi infection [38] [39] [40] , our data indicates that CD is associated with a higher prevalence of ECG alterations both in children and adults. Also, our findings on high frequency of ECG alterations in children (5-13 years) suggest earlier manifestations of anomalies progression when T. cruzi infection is acquired at a younger age [38, 41, 42] . A previous clinicopathologic study based on medical records and autopsies, carried out in 19 children and adolescents (6-17 years) determined a prevalence of ventricular premature contractions 58%, LAFB 45%, first degree A-V block 28%, complete RBBB 11%, AF 11%; the authors concluded that, in this adolescent population, CD shows relevant peculiarities, like rapid evolution toward decease (as short as 128 days), diagnosis difficulty related to occurrence of mitral regurgitation (61% wrong initial diagnosis) and low RBBB frequency, suggesting that CD at this age range can be of a peculiar type, making clarification of the pathogenic mechanism of chronic CD in teens useful to pinpoint the pathogenic mechanism of the disease [43] .
Although the etiology of cardiac alterations in CD-patients remains unclear, a number of biologically plausible mechanisms have been suggested. Cardiac alterations are characterized by development of a diffuse cellular infiltrate, microcirculation alterations that lead to fibrosis [44] . Evidence suggests that low grade parasite persistence triggers a parasite-specific immune response to T. cruzi in the heart, and that at least some of the cells comprising the infiltrate are parasite-specific [44] . Simões-Barbosa et al. reported that T. cruzi infection may affect gene expression in human host cells via LINE-1 retrotransposon, which may play an important role in the pathogenesis of CD cardiac involvement [45, 46] . T. cruzi infection also impairs parasympathetic innervations predisposing to sympathetic over-activation which may lead to further cardiac damage and arrhythmogenesis [47, 48] . T. cruzi persistence may directly initiate vascular endothelial cell damage or lead to microvasculature damage via its effects on the inflammatory infiltrate as well as on several bioactive lipids such as thromboxane A and prostaglandin F2α, potent vasoconstrictors [44] . In summary, multiple mechanisms may be responsible for the development of cardiac alterations in individuals infected with T. cruzi that include host and specific parasite characteristics that need further investigation.
There were several strengths and limitations of the present study. Our analysis included more than 34,023 seropositive and seronegative CD participants, and investigated a wide range of ECG abnormalities. We also included only studies based on subjects recruited through community surveys and blood bank screening (population-based), in order to avoid overestimation of effect measures that may arise by inclusion of clinical populations. As with all systematic reviews we are prone to publication bias. However, there was little evidence of publication bias, and therefore, the likelihood that studies with negative findings are not published is low. We performed an extensive search strategy in several databases in order to identify all relevant studies in the topic. Nevertheless, since majority of studies were from Latin America, and we did not use terms in Portuguese and Spanish language in our search, we do not exclude the possibility to have missed some relevant studies. However, the search strategy we used included the term "Chagas" that has no translation, so we believe that it did not introduce selection bias or if it did, it would be minor. Additionally, the low and moderate quality of the individual published studies included in this meta-analysis was limited. Variation in study regarding inclusion and exclusion criteria and the diverse populations included in different studies, contributed to the heterogeneity of findings noted in several of the meta-analyses performed. Other sources of heterogeneity are likely to include different diagnostic methods for CD, and variation in the criteria applied for the definition of ECG abnormalities. However, we did not observe any heterogeneity in 5 out of 16 meta-analyses, as well as in the meta-analysis based only on children.
The cardiac manifestations in T. cruzi infected subjects, documented by the presence of specific ECG changes such as complete RBBB and LAFB in its initial stages. As disease advances, AV-B, VE and atrial fibrillation/flutter may ensue [49, 50] . These findings may be relevant for diagnostic and epidemiologic purposes as once cardiac alterations are established the prognosis of these subjects might deteriorate rapidly. These findings may have important implications for non-endemic countries, where the prevalence of CD in Latin-American migrants is 4.2% (95% CIs=2.2-6.7%) [6] , in which less than 1% of the expected prevalence of CD-cardiomyopathy has been reported, suggesting under diagnosis and suboptimal physician awareness [51] . Specific ECG alterations such as RBBB associated with LAFB, AV-B, atrial fibrillation/flutter and VE, should alert the clinician encountering patients with heart failure or cardiomyopathy of unknown etiology originally form Chagas endemic regions, to consider obtaining serologic tests to rule out T. cruzi infection [30] . Finally, the increased prevalence of ECG abnormalities in children underscores the need for early diagnosis and trypanocidal treatment should be considered.
CD is recognized by World Health Organization as a neglected tropical disease that historically, has not received sufficient public health interest, or research and governmental resources worldwide. CD costs in Latin America are estimated up to 662,000 disability-adjusted lifeyears of productivity as of 2008, and the total economic toll attributed to the disease each year is estimated at over $7 billion USD, with more than 10% of this cost being incurred in the United States and Canada. Eminent scientists have labeled Chagas Disease as ''The New HIV/ AIDS of the Americas'', and 20-30% of people infected with Chagas disease will develop potentially fatal cardiomyopathy in their lifetime. Yet, there is no vaccine or highly effective medical treatment available for the approximately 10 million people currently infected with T. cruzi [52] .
In terms of public health, our findings provide an update and synthesis of the burden of cardiac disease in Chagas patients, and complement previous findings on excesses mortality in this individuals. Cucunuba ZM et al. [40] showed that excess mortality exists in CD, both in symptomatic and asymptomatic populations. In addition, our results provide important data that could be useful for futures studies to better estimate the health and economic burden of CD in Latinamerica. Understanding morbidity and mortality in Chagas patients at population level as shown in this study, provides a better understanding of the disease burden and impact, and highlights the need for better detection, diagnosis, treatment and management of affected populations. Improved morbid-mortality Chagas disease estimates at population level will serve to highlight the real need for better detection, diagnostics, treatment and management of affected populations [14] .
Conclusion
This systematic review and meta-analysis provides an update and synthesis in this field. This research of observational studies indicates a significant excess in prevalence of ECG abnormalities (40.1%) related to T. cruzi infection in the general population from Chagas endemic regions, being the most common ventricular (RBBB and LAFB), and A-V B (first-degree) node conduction abnormalities as well as arrhythmias (AF or flutter and VE). Also, prevalence of ECG alterations in children was similar to that in adults and suggests earlier onset of cardiac disease. 
